Dicianno BE, Karmarkar A, Houtrow A, Crytzer TM, Cushanick KM, McCoy A, Wilson P, Chinarian J, Neufeld J, Smith K, Collins DM: Factors associated with mobility outcomes in a national spina bifida patient registry. Am J Phys Med Rehabil 2015;94:1015Y1025. Objective: To provide descriptive data on ambulatory ability and muscle strength in a large cohort of individuals with spina bifida enrolled in a National Spina Bifida Patient Registry and to investigate factors associated with ambulatory status.
Spi na bifida (SB) is caused by incomplete closure of the neural tube of the spine and is the most common congenital condition that results in physical disability. 1 Approximately 166,000 Americans are living with the more severe types of SB. 1 The physical manifestations of SB may include partial or complete paralysis of the lower limbs and/or trunk muscles and orthopedic deformities of the spine and limbs. 2 Individuals with SB have a wide spectrum of functional abilities ranging from ambulation in the community to achieving mobility through an attendant propelled or power chair. 3 Several single-site studies 4Y12 conducted in the past decade have identified negative associations between ambulatory ability and factors such as level of spinal lesion, shunt status, and spasticity in those with upper motor neuron complications like tethered cord syndrome. These studies used different classification systems rather than using one common system to define the severity of the spinal lesion (ie, anatomic level of the lesion versus level based on motor and/or sensory findings). Bartonek et al. 13 compared 6 common classification systems 14Y19 and recommended use of manual muscle testing of specific muscle groups as the best approach.
This study had 2 aims. The first was to describe ambulatory ability and muscle strength in a large cohort of individuals with SB enrolled in the National Spina Bifida Patient Registry (NSBPR), 20 a project formed through a collaborative partnership between the Centers for Disease Control and Prevention (CDC) and the Spina Bifida Association. The NSBPR includes detailed data on individuals with SB from 19 sites in the United States starting in 2009. A second aim was to investigate factors associated with different levels of ambulatory status in individuals with SB. We hypothesized that a significant association exists between ambulatory status and the following variables: SB subtype, motor level, history of shunted hydrocephalus, and history of tethered cord release.
METHODS
The NSBPR is a secure database comprised of several required key variables collected at each participating site. Examples of data in the registry are sociodemographic information, type of SB, shunting for hydrocephalus, bowel and bladder management strategies, urologic surgeries, motor level, and ambulatory status. 20 The NSBPR is linked to an electronic medical record (EMR) designed specifically for individuals with SB. This EMR allows for collection of additional SB-specific variables not included in the NSBPR such as surgical release of tethered cord or hip, knee, foot, and ankle orthopedic surgeries.
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All data in this study were collected under each participating institution_s institutional review boardYapproved protocols. A multisite institutional review board was not required. Inclusion criteria were the following: diagnosis of myelomeningocele, meningocele, lipomyelomeningocele, or fatty filum/ tethered cord; adult participants who were their own medical power of attorney must have been able to give written informed consent; and a parent, guardian, or medical power of attorney must have been able to give written informed consent by proxy if the subject was a child or was unable to make his or her own medical decisions. Exclusion criterion was any other type of spinal dysraphism such as split cord malformation or myelocystocele. Data from individuals aged 5 and older were analyzed, since motor function before this age is often unreliable. 21 Data collection occurred at the initial enrollment of each participant. Trained investigators at each of the 19 participating sites interviewed participants and also conducted a review of medical records. This study design used 2 data sets to explore what factors are associated with ambulation status.
Phase 1 of the study extracted data only from the NSBPR. These variables were collected from 19 sites participating in the registry from 2009 to 2012 and are shown in Figure 1 . Motor level was based on manual muscle testing, which included both left and right sides. The overall level assigned was that of the more impaired side. The Hoffer classification 16 was used to define ambulatory status based on the historic 4 categories ( Fig. 1) .
Phase 2 of the study used data from a subset of 3 of the national sites (University of Pittsburgh Medical Center and Children_s Hospital of Pittsburgh, Wayne State University/Detroit Medical Center and Children_s Hospital of Michigan, and Children_s Hospital Colorado). These sites had collected additional data in the EMR beyond those in the NSBPR to create a more robust data set. A more extensive neurosurgical and orthopedic history was therefore available for analysis ( Fig. 2 ).
Analysis
Statistical Analysis Software 9.4 and IBM SPSS version 21 were used for all data analyses. Univariate analyses were used to describe distributions of characteristics of participants in each of the 2 phases.
To determine if participants in phase 2 were similar to those in phase 1, the groups were divided into myelomeningocele and nonmyelomeningocele (meningocele, fatty filum, and lipomyelomeningocele) subtypes and then compared with respect to age (categorized as 5Y10 years, 11Y15 years, 16Y20 years, 21Y35 years, 36Y50 years, and 51+), sex, ethnicity, race, shunt history, ambulation status, and motor level (categorized as thoracic/high lumbar, mid lumbar, and low lumbar/sacral) using bivariate analyses. Spearman correlations were run
www.ajpmr.com to determine whether age was related to either ambulatory status or motor level.
For phase 2, bivariate analyses were used to determine the association of independent variables in Figures 1 and 2 with ambulation status, as well as to determine whether interactions existed among independent variables. Variables that were associated with ambulation status were included, and collinear variables were excluded. Then, an ordered logistic regression model was built with ambulatory status as the dependent variable (4 levels). This model was chosen because all assumptions of the model were met. Ordinal regression was ruled out because of violation of the proportional odds ratio. BAmbulates in community[ was used as the reference category. Some of the independent variables were collapsed further into categories because of insufficient numbers of participants in some of the ambulation status categories. Independent variable categories were as follows: age category (0Y15 years and 16+ years), sex, race (White or other), subtype (myelomeningocele or nonmyelomeningocele) using myelomeningocele as the reference category, motor level (thoracic/high lumbar, mid lumbar, and low lumbar/sacral), with thoracic/ high lumbar as the reference category, shunt history (yes or no) with history of shunt as the reference category, and history of hip or knee contracture release (yes or no) with history of release as the reference category. Significance was defined a priori as P e 0.05.
RESULTS

Phase 1
The phase 1 data set contained a total of 3738 unique participants from 19 sites that contributed data from the beginning of the project in 2009 until December 31, 2012. Of those participants, 2604 (69.7%) individuals were age 5 or older at enrollment. One participant was missing motor level data and was excluded from statistical analyses (n = 2603). General characteristics of these participants are displayed in Table 1 . A total of 888 additional individuals were deemed eligible but did not participate in the NSBPR. Table 2 shows the percentage of phase 1 participants with myelomeningocele and nonmyelomeningocele subtypes stratified by ambulatory status. Figures 3A and 3B show subtypes and ambulatory status further stratified by motor level, whereas Figures 4A and 4B show subtypes and ambulatory status further stratified by age category.
The Spearman correlations between age and both ambulatory status and motor level was of low strength in the subtypes of myelomeningocele (P G 0.001, r s = j0.23; P G 0.001, r s = +0.22,) and nonmyelomeningocele (P = 0.025, r s = j0.10; P = 0.014, r s = +0.09).
Phase 2
Three sites collected additional EMR data beyond what is included in the NSBPR-contributed data from a subset of 381 participants aged 5 years and older. Two individuals had missing motor level data and were excluded from the statistical analyses (n = 379). Table 1 shows a comparison between the general characteristics of phase 2 participants compared to those of phase 1. A significant difference was seen within the myelomeningocele group with regard to history of shunting (P = 0.002); a higher percentage of phase 2 participants had been shunted, as compared to those in phase 1. Table 2 shows the percentage of phase 2 participants with myelomeningocele and nonmyelomeningocele subtypes stratified by ambulatory status. Graphs of subtypes and ambulatory status further stratified by motor level are not shown but followed the same trends as that seen in phase 1 with one exception. Phase 2 participants with nonmyelomeningocele subtypes were more likely to be in the mid-lumbar category (28.1% vs 12.8%) and less likely to be in the low lumbar category (5.3% vs 16.1%) compared to those in phase 1 (P G 0.001). Graphs of subtypes and ambulatory status further stratified by age category are not shown but displayed similar trends as those of phase 1 participants. Phase 2 participants did not differ from phase 1 with regard to age category, sex, ethnicity, race, or ambulation status. Table 3 shows subtypes of phase 2 participants stratified by surgical history.
Regression results are shown in Tables 4 and 5 . The percent concordance of the model was 81.8%. Independent variables that were significantly and inversely associated with ambulation status (overall analysis of effects) were motor level (P G 0.0001), shunt history (P = 0.0135), and history of hip or knee contracture release surgery (P = 0.0170). The remaining independent variables were not significantly associated with ambulatory status.
DISCUSSION
To our knowledge, this is the first study to present detailed analyses of factors related to ambulatory status in individuals with SB in a large national sample. Collection of additional EMR variables at 3 sites provided data for further analysis than what was possible with variables collected in the NSBPR at the time of this study. However, the NSBPR has recently been expanded, and more surgical history variables are being collected at participating sites. Although the general demographics and ambulatory status of phase 2 participants were generally representative of those in phase 1, the smaller cohort differed from the larger in 2 ways: more individuals in phase 2 with myelomeningocele had a history of a shunt, and more individuals in phase 2 with nonmyelomeningocele subtypes had a higher motor level. These differences suggest that the phase 2 participants may have been slightly more impaired than the larger cohort. Spina bifida subtype was not significantly associated with ambulatory status in phase 2 participants. Although approximately 92% of those with the nonmyelomeningocele subtype were ambulatory at the community level, a moderate percentage of those with myelomeningocele (43%Y46%) were also able to ambulate in the community. It is important to note that the Hoffer classification of ambulation does not distinguish how ambulation is achieved. For example, all individuals who use assistive devices or orthoses for community ambulation are classified with individuals who do not require any assistive devices or orthoses. As such, it was not possible to determine how much assistance from these devices was needed to achieve functional ambulation in either subtype. The latest version of NSBPR now includes information about assistive devices and orthoses, which should help drive future research related to ambulation. A recent systematic review 22 revealed that crutches and ankle foot orthoses do provide some benefits for gait pattern, stride, and oxygen cost, but research on the functional benefits of orthoses and assistive devices in SB is quite limited.
History of shunting for hydrocephalus was inversely associated with ambulatory status. Compared to those who had shunting for hydrocephalus, those with no history of a shunt were more likely to be ambulatory at the community level than at the household or wheelchair level. Damage to the corticospinal tract from white matter or hindbrain abnormalities, regardless of the contributions of hydrocephalus, is known to impair walking ability because the neural signal cannot travel to the lower limbs. 23 Therefore, it is possible that having a history of hydrocephalus necessitating shunting in this study was a proxy measure of upper motor neuron damage, which in itself can impair walking ability. Another, but not mutually exclusive, explanation is that although SB subtype was not independently associated with ambulatory status, those with myelomeningocele are more likely to be shunted. In addition, they are likely to have more comorbid and secondary conditions, including neurological and orthopedic sequelae that affect ambulation. Thus, shunting may be a proxy for severity or complexity of the condition, which is contributing to mobility impairments.
Higher motor level was inversely associated with ambulatory status, which was expected, based on the known association of these variables from smaller studies. 14Y19 Compared to those with thoracic or high lumbar motor levels, those with midlumbar (knee extension) or low lumbar/sacral motor levels (dorsiflexion/plantar flexion) were more likely to be ambulatory at the community level than at the household or wheelchair level. Bartonek et al. 13 identified knee extensors and plantar flexors as muscle groups important for ambulation and recommended they be included in classification systems of muscle strength. Our study results reinforce the importance of testing these key muscle groups along with the dorsiflexors. Additional research 4, 7 has suggested that hip abduction may also be a predictor of ambulation ability.
A history of hip or knee contracture release was inversely associated with ambulatory status. Hip or knee contracture releases are surgical procedures often needed to preserve lower limb function, prevent pain, improve wheelchair positioning, or prevent progressive loss of range of motion. Our results likely indicate that tendon release surgery is a proxy measure for contracture severity, ie, those who did undergo surgery were more likely to have orthopedic limitations to ambulation, even before having surgery. Lower limb contractures have been found to contribute to impairments in function in children with myelomeningocele. 21 Age in our study was treated as a covariate in the regression model, but when evaluated in bivariate analyses, had only a weak negative association with ambulatory status and motor level. This finding is consistent with previous smaller singlecohort studies 11, 24, 25 that suggest an age-related decline in ambulatory ability may occur. This decline may be confounded in part by obesity and progressive orthopedic complications. Because the cohorts in this study were relatively young (mean age, approximately 15 years), and because relatively fewer individuals were ambulatory at the household or therapeutic levels, compared to being ambulatory in the community or being a wheelchair user, additional research will be needed to determine how aging and secondary conditions affect ambulatory ability for each of the 2 subtypes independently over time.
In summary, mobility outcomes from a large cohort of individuals with SB were described, and history of shunting for hydrocephalus, higher motor level, and history of surgical release of hip or knee contractures were inversely associated with ambulatory status. These findings may help investigators design future studies aimed at determining reasons for these associations and interventions aimed at improving mobility outcomes.
Limitations and Future Work
One clear limitation of this study is that it did not investigate the relationship between obesity and ambulatory status. Some measures of obesity are associated with impairments in ambulation and could have been an important variable in our analysis. Unfortunately, obesity in the SB population is difficult to measure for several reasons. 26Y28 The legs are often proportionally shorter than the arms, which creates a potential in biased body mass index (BMI) calculations. Although suggestions have been made for ways to calculate a modified BMI taking into account anthropometric data, this practice has not been adopted by all clinics. Moreover, no standardized methods to collect height or weight have been adopted nationally for this population or those with disabilities in general. For example, it is often recommended to obtain segmental measurements in those with contractures, or to remove clothing and orthoses when obtaining weight, but this can be impractical in some clinical settings. For these reasons, standardization of data collection protocols and comparisons of formulas for calculating BMI are important topics for future research.
Another limitation of this study is the low prevalence of therapeutic ambulators in our cohort, limiting our ability to detect any association between that category of ambulation and either shunt history or motor level. Ambulation purely for therapeutic purposes and not for independent mobility often requires assistance or oversight from a www.ajpmr.com caregiver or therapist, use of assistive devices and orthoses, and/or the motivation, funding, and access for therapy services. For these reasons, not as many individuals fall into this category, and as a result, this subpopulation is understudied. We did evaluate whether collapsing ambulatory status into 2 categories (community and household ambulators versus therapeutic ambulators and wheelchair users) would change the results of the regression model, but similar results were seen. Several additional limitations deserve discussion. First, sampling bias may have occurred for various reasons. The participants in this study were recruited from large institutions that serve individuals with SB, and data are not necessarily representative of individuals who receive care at locations not participating in the NSBPR. In fact, many adults with SB do not have access to care in formalized SB clinics. Additionally, some subtypes of SB, such as split cord malformation or myelocystocele, although not as common, were not included in this study because eligibility for enrollment in the NSBPR at the time of this study was limited to the 4 diagnoses listed in the inclusion criteria. The NSBPR has since been expanded to include these 2 diagnoses and is also now collecting demographic information on those who are eligible but do not enroll. These variables will allow better delineation of external validity in future work. Additionally, survivor bias may have prevented those with more severe comorbidities or secondary conditions to be underrepresented in the sample. Our study sample was in large part comprised of younger participants. This issue is being addressed currently, as more sites that treat adults are being added to the NSBPR registry.
Several future opportunities for use of the NSBPR to analyze ambulation status and other mobility-related outcomes exist. Currently, additional variables that may help inform work on mobility outcomes are being collected in the NSBPR (version 2.0). Concurrent work is also being conducted to refine variables in a future database (version 3.0) for more robust analyses. Clearly, longitudinal studies, and those that include more adults, are greatly needed and will be possible with additional funding. More work is also needed to develop and define motor impairment scales similar to those used in spinal cord injury 29, 30 for use in research in this population.
CONCLUSIONS
This is the first study to examine ambulatory status in a large sample of individuals with SB of varying subtypes. Studies to date on ambulatory outcomes in this population have been on small cohorts of individuals. This study found that history of shunting, higher motor level, and history of hip or knee contracture release surgery were inversely associated with ambulatory status. Results of this study also help to provide an initial delineation of the breadth of functional abilities within the different age groups and subtypes of SB, and also inform physicians of the characteristics of those with varying ambulatory ability. Promoting the use of standardized rating scales for ambulation and motor function such as those in this study will also allow results to be compared across studies and to compare effectiveness of medical and rehabilitation interventions for individuals with SB.
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